Reconfigurable modular robots use different gaits and configurations to perform various tasks. A rolling gait is the fastest currently implemented gait available to a modular robot for traversal of level ground. In this work, we analyze and implement a sensor-based feedback controller to achieve dynamic rolling for a 10 module loop robot. The controller exploits the dynamics of the system to build up momentum in each step by specifying a desired global shape for the robot at touchdown. Energy is input into the system both by raising the height of the center of mass of the robot and moving the position of center of mass with respect to the ground to maximize the moment arm due to gravity. Using simulation and experimental results, we show how the desired shape can be varied to achieve higher terminal velocities. Through simulation, we also show rounder shapes have lower specific resistance and are thus more efficient. In this work, we analyze and implement a sensor-based feedback controller to achieve dynamic rolling for a 10 module loop robot. The controller exploits the dynamics of the system to build up momentum in each step by specifying a desired global shape for the robot at touchdown. Energy is input into the system both by raising the height of the center of mass of the robot and moving the position of center of mass with respect to the ground to maximize the moment arm due to gravity. Using simulation and experimental results, we show how the desired shape can be varied to achieve higher terminal velocities. Through simulation, we also show rounder shapes have lower specific resistance and are thus more efficient.
Introduction
Reconfigurable modular robots can locomote using different gaits in a variety of configurations [1, 2, 5, 10] . The choice of configuration is usually task specific. Certain configurations are more suitable for locomotion in constrained spaces (e.g. snake like) while others may be more useful over rough terrain (walking robot configurations). On flat terrain, the closed loop configuration shown in Figure 1 (a) is currently considered to be the most efficient as well as the fastest configuration under some conditions [10] (this has not been proven for the general case though). It has been implemented on various robots in [5, 9, 10] . In all of these implementations, the gaits implemented were kinematic, ie there was no inertial component to the motion, setting the inputs of the robot to zero would stop the robot. There is a limit to the rate at which a kinematic rolling track can accelerate. Accelerating too fast causes the loop to undulate in place or worse roll backwards as shown in Figure 1 (c). In [4] , Kamimura et al implemented an open-loop dynamic rolling gait using CPGs where the weights for the CPGs were determined using simulation. In [7] , Matsuda and Murata proposed a closed-link robot where the actuators control the stiffness of a spring in each joints. This allows them to adjust the stiffness in each joint and drive the robot forward. In [8] , a dynamic simulator was used to generate and simulate a dynamic rolling gait. Feedback was through accelerometers in the robot and an average velocity of about 1 m/s was reported. However, this gait was not implemented on an actual robot and no analytical insight was provided.
In this work, we present a new implementation of the rolling loop using sensorbased feedback. Our work differs from previous work in the use of sensory feedback, development of a simplified dynamic model that provides considerable insight for development of control and implementation on a prototype robot. Sensory feedback dramatically improves the reliability of this gait (as compared to open loop implementations). The rolling loop is a closed loop system and thus hard to simulate. A complete 10 degree of freedom model could be built for our robot but it results in complex equations and may not provide much insight into the dynamics of the system. Further, with 10 actuators on the robot, the input space is big and designing controllers for such a robot is non-trivial. Our approach is to simplify the model for the system by restricting the type of controller to track an appropriate shape at touchdown, the contact of a module with the ground. In addition the method scales to any number of modules or joints in a loop. By our choice of controller, we are able to control the shape of the robot by varying a single parameter. In addition to simplifying the control algorithm, our approach also offers better insight into the dynamics of the system. This paper is structured as follows. In Section 2, we present the robot used in this work. In Section 3, we propose the framework used for control. In Section 4 we present a simple four-bar like model for the robot. In Section 5, we present theoretical results derived using this model. Experimental results are also presented in Section 5. In Section 6, we follow up with a discussion on insight gained from the results and possible future applications. 
The robot
The modular robot used in this work is shown in Figure 2 (a). An individual module is shown in Figure 2 (b). Each module is made up of a hobby servo that drives a rotary degree of freedom. Communication is through a global bus based on the RoboticsBus protocol [3] which is built on the CANbus standard (Controller Area Network). Control signals are provided to individual modules at 60 Hz. A separate add-on microcontroller board serves as a controller. It plugs into one of the ports on the robot (there are seven external and one internal ports) and provides control signals for all modules. Control is implemented by specifying a desired angular position for each servo at 60 Hz. This translates into a desired shape of the robot. Touchdown is detected using custom-built sensors plugged into a port on the inside of each module. The sensors used here are IR based proximity sensors that indicate distance to the ground. This information is put on the bus at 60 Hz. The controller determines touchdown using pre-determined thresholds for the sensors on different surfaces. 
Control

Kinematic Rolling
A kinematic roll is often implemented by repeatedly moving the shape of the loop such that the long axis rotates. One rotation of the long axis would be one cycle of the gait. The frequency of rotation is directly proportional to the speed, ie stopping the tread causes the whole robot to stop. For a closed loop robot like the one used in this work, one typical loop shape has two lines of modules one on top of the other attached by an intermediate set of modules as shown in Figure 1 (a). A kinematic roll is now executed by smoothly interpolating the position of each module to the next one in the loop. This type of motion can be easily represented using a gait table [10] .
Dynamic Rolling
To create a dynamic rolling motion, the basic approach is to move the center of mass beyond the pivot point for the module currently on the ground (Figure 1(b) and Figure 4 ). This results in a moment contribution from the weight of the robot in the direction of rolling and the robot accelerates in that direction. The motion of the robot after touchdown can be separated into two phases: (1) a shape change where the robot changes shape to the new desired shape that increases the distance between the center of mass and the ground contact point and (2) a falling phase where the robot's shape is frozen and the robot behaves essentially like an inverted pendulum pivoting about the contact point. In this paper, we will show that the first phase results in a slight deceleration while in the second phase the robot is continuously accelerating towards the next touchdown. We restrict the shape of the robot to a shape as shown in Figure 3 that is formed by joining two equal arcs of a circle. In the limit, as the two arcs approach a semi-circle, the shape reduces to a circle. The modules of the robot approximate these arcs of a circle to form the desired shape in Figure 3 which closely resembles an American football shape. The shape can be defined using a single parameter-θa, the angle between the modules at the top and bottom apex of the shape (Figure 3 ). All the other joint angles are equal to each other (to say θs) and can be derived in terms of θa using the expression 2θa + 8θs = 2π. Note that although the robot shown uses 10 modules, these two joint angles are all that are required for any number of modules. More elongated shapes (corresponding to higher values of θa) will result in a bigger moment arm and higher angular acceleration. However, the amount of shape change (represented by the net change of joint angles) is also much higher. Rounder shapes correspond to a smaller value of θa and will result in a smaller moment arm and smaller amount of shape change. Thus, we should expect that more elongated shapes will give us higher accelerations while rounder shapes may be more efficient. We will examine the effect of the desired shape on the speed of the robot by varying the single parameter (θa).
An important point to note for this controller is that during a shape change, the joint angles for only four modules will be transitioning while the joint angles for all other modules remain fixed. We will exploit this crucial property, a consequence of choosing this particular controller, in developing a simplified model for dynamic rolling in the next section.
In addition to the change of shape, another parameter that plays an important role in the gait is the speed at which this shape change is carried out. To get initial acceleration, we need to start out with a finite rate of change of shape. Choosing too high an initial rate change will cause the robot to accelerate suddenly and may result in undesirable dynamic modes where the robot falls backwards (Figure 1(c) ). Too low a rate may not be sufficient to get the robot started. Further, as the robot moves faster, the shape change rate needs to be adjusted so that shape change occurs before the next touchdown happens. At higher rolling speeds of the robot, it is also beneficial to reduce the amount of shape change, ie make the desired shape rounder. Thus, we now have a discrete control algorithm applied at every touchdown that specifies two parameters: (1) the new desired shape by specifying θa and (2) the shape change rate to converge to the desired shape.
Analytical model
To simplify the modeling of dynamic rolling we first observe that only four modules are moving at a time. We can thus simplify the model of the loop to that of a floating four-bar mechanism. The two longer arcs (nodes 2 through 5 and nodes 7 through 10) represent two of the links of the four-bar while the other two links (comprising node 1 and 6) are made up of single modules. This framework is shown in Figure 4 . We define a step of the gait as the sequence of events between consecutive touchdowns of two adjacent modules. At touchdown, θa is decreased to θs. This part of the step is illustrated in Figure 4 (b). Once it reaches the new desired position, the local shape does not deform anymore. Now, the robot undergoes a pure falling motion (Figure 4(d) ). The robot falls like an inverted pendulum until node 3 touches down on the ground (Figure 4(e) ). At this point, we reassign the nodes to the different links based on the global positions of the nodes. Thus, now node 2 forms one link for the four bar as does node 7. Nodes 3 through 6 and nodes 8 through 1 comprise the other 2 links of the four-bar (Figure 4(f) ). Reducing the model in this manner manner to the one degree of freedom four bar linkage implies that the shape of the robot can be parameterized using a single parameter, the angle at the apex θa (or similarly θs).
The equations of motion for this simplified version of the robot are derived using a standard method by first defining the Lagrangian for the system and deriving Lagrange's equations. The generalized coordinates used in the analysis are the apex angle θa and the global angle made by the robot with the ground θg (Figure 3) . The mass of the modules is assumed to be 0.138kg. Each module is considered to be a thin rod of length 0.06 m. The resultant equation for the evolution of θg can be expressed in the form:θ g = f1(θa, θg)mg + f2(τ ).
(1) shows that there are two contributing terms to the angular acceleration of the robot: (1) the moment due to gravity about the point of contact with the ground and (2) a coupling term arising from the coupling of θa and θg. The shape change phase causes decceleration of the robot while the moment due to gravity constantly contributes in the direction of roll of the robot. Thus, as soon as the robot is done changing shape, it accelerates. This can be seen from the plot of angular velocity in Figure 5 . As Module 1 touches down and the controller starts changing the shape of the robot, the robot initially decelerates. The robot starts accelerating solely under the influence of gravity in the direction of rolling as soon as the shape change phase finishes.
When the module comes into contact with the ground, a transition condition is defined at impact of the module on the ground. Joint angles and the position of the robot stay fixed at transition while velocities are transformed using the transition conditions. The transition condition relates the angular momentum L− of the whole body of the robot about the new pivot point on the ground just before impact with the angular momentum L+ of the whole body about the new pivot point after impact. Using a coefficient of restitution η (found empirically to be 0.94), the transition condition is given by the following momentum transfer equation on impact: L+ = ηL−.
Results
Theoretical results
Multiple simulations were run with different desired shapes for the robot at touchdown. We are primarily interested in two quantities in simulation: (1) The terminal velocities we can achieve with different shapes and (2) a measure of the energy efficiency of the robot. Energy efficiency is measured using a quantity called specific resistance which is calculated as = P mgv (2) where P is the power input to the robot, g is the acceleration due to gravity and v is the average speed of the robot. Power is calculated for the theoretical model as P = τθ. This power is only a part of the net power input to the robot and only takes into account the power required to effect shape change in the robot. Figure 8 plots the final speed of the robot for different desired shapes at touchdown. As the desired shape becomes more and more elongated, the final terminal speed achieved by the robot increases. The terminal speed can be explained by the loss of energy at impact. Eventually, the controller is putting in just enough energy to overcome that loss. As the desired shape grows elongated (θa increases), the angular acceleration of the robot in its free fall phase also increases thus resulting in a higher terminal speed. Figure 6 plots the specific resistance for different desired shapes. While the power measured here in calculating specific resistance is lower than the actual power input to the robot, we believe the trend will stay the same, ie rounder shapes will exhibit lower specific resistance and will thus be more efficient. Another estimate of energy efficiency of a gait is the amount of travel in joint space that each module must move in order to move forward. This is measured by the difference between the two angles θa − θs. One approach is to use the shallow shape to accelerate quickly, then change the θa − θs linearly with the speed. As it gets faster the shape becomes less oval and more circular. At the limit the shape will be that of a perfect circle which will roll using zero energy (assuming no energy is required to maintain its shape). It is worthwhile noting that, based on this measure, dynamic gaits with rounder shapes are also more efficient than kinematic gaits. Maintaining any velocity using a purely kinematic gait requires a fairly large traversal of joint space while, once some speed has been built up, dynamic gaits can be sustained using smaller effort in joint space.
Experimental results
Multiple rolling runs were conducted for different values of θa. The onboard controller on the robot determined which module was touching down at any instant and accordingly specified a desired shape for the robot. A range of shapes were tried ranging from rounder shapes (θa = 45 o ) to more elongated shapes (θa = 65 o ). Measurement of data was performed using a VICON motion capture system. The system is setup to provide accurate measurements of the position of the robot and one of the joint angles. This allowed comparison between the actual and desired trajectories of the joints on the robot and let us verify that the controller triggers the correct module on touchdown. Figure 7 shows one such set of trajectories for one of the joints on the robot for the case where the controller tries to converge to θa = π/3 . Also plotted in the same figure is the z position of the module and the orientation of that module in the world frame. The crests in the z positions in Figure 7 represent touchdowns for the module diametrically opposite the tracked module while the troughs represent touchdowns for the tracked modules themselves. Figure 8 plots the average speed and compares the theoretical and experimental results. Below a certain magnitude of shape change, the robot has no terminal velocity since the energy input from shape change is insufficient to overcome the energy loss through impact. Thus, the Although our experimental and simulation results are close, there is a discernible difference in the results. There may be several possible reasons for this difference in predicted and actual behavior. We have not taken into account friction in the modules and a motor model for the servos. Our model also assumes that the modules can be represented as rods (for determination of inertia parameters), however the actual modules have a complex shape that comes into contact with the ground.
Discussion
In this paper, we have analyzed the behavior of a dynamic rolling robot. We have shown through a combination of simulation and experiments that elongated shapes lead to higher terminal velocities while rounder shapes have lower specific resistance.The acceleration phase of the dynamic gait is similar to the motion of an inverted pendulum which has been shown in the context of walking to be very efficient requiring no work input to move the center of mass [6] . We believe higher rolling speeds should be more energy efficient (as modules on the top do not need to fight gravity due to the centrifugal force). Our conjecture about terminal velocities that more elongated desired shapes would have higher terminal velocities was confirmed by experiments. We also found that below a certain threshold, changing the shape will not produce rolling. Experimentally, we reported the fastest gait (1.4 m/s) for a battery powered modular robot. The use of sensors has improved the reliability of our gait. Proximity sensors may also allow us to build dynamic conforming gaits where the body of the robot conforms to the terrain it travels over.
Our future effort will also include the implementation of a speed controller, finding the optimal shape for maximum speed or maximum efficiency and attachment of more modules to enable steering. An advantage of our parameterization is that it is easily scalable and can be extended to loops with higher number of modules.
However, issues like low stiffness, higher weight and actuator limitations will hinder the performance of bigger loops. Fig. 9 . The motion of the robot is from right to left.
